'Brain training', or the goal of improved cognitive function through the regular use of computerized tests, is a multimillionpound industry 1 , yet in our view scientific evidence to support its efficacy is lacking. Modest effects have been reported in some studies of older individuals 2, 3 and preschool children 4 , and video-game players outperform non-players on some tests of visual attention 5 . However, the widely held belief that commercially available computerized brain-training programs improve general cognitive function in the wider population in our opinion lacks empirical support. The central question is not whether performance on cognitive tests can be improved by training, but rather, whether those benefits transfer to other untrained tasks or lead to any general improvement in the level of cognitive functioning. Here we report the results of a six-week online study in which 11,430 participants trained several times each week on cognitive tasks designed to improve reasoning, memory, planning, visuospatial skills and attention. Although improvements were observed in every one of the cognitive tasks that were trained, no evidence was found for transfer effects to untrained tasks, even when those tasks were cognitively closely related.
To investigate whether regular brain training leads to any improvement in cognitive function, viewers of the BBC popular science programme 'Bang Goes The Theory' participated in a sixweek online study of brain training. An initial 'benchmarking' assessment included a broad neuropsychological battery of four tests that are sensitive to changes in cognitive function in health and disease [6] [7] [8] [9] [10] [11] [12] . Specifically, baseline measures of reasoning 6 , verbal short-term memory (VSTM) 7, 12 , spatial working memory (SWM) [8] [9] [10] and paired-associates learning (PAL) 11, 13 were acquired. Participants were then randomly assigned to one of two experimental groups or a third control group and logged on to the BBC Lab UK website to practise six training tasks for a minimum of 10 min a day, three times a week. In experimental group 1, the six training tasks emphasized reasoning, planning and problem-solving abilities. In experimental group 2, a broader range of cognitive functions was trained using tests of shortterm memory, attention, visuospatial processing and mathematics similar to those commonly found in commercially available braintraining devices. The difficulty of the training tasks increased as the participants improved to continuously challenge their cognitive performance and maximize any benefits of training. The control group did not formally practise any specific cognitive tasks during their 'training' sessions, but answered obscure questions from six different categories using any available online resource. At six weeks, the benchmarking assessment was repeated and the pre-and post-training scores were compared. The difference in benchmarking scores provided the measure of generalized cognitive improvement resulting from training. Similarly, for each training task, the first and last scores were compared to give a measure of specific improvement on that task.
Of 52,617 participants aged 18-60 who initially registered, 11,430 completed both benchmarking assessments and at least two full training sessions during the six-week period. On average, participants completed 24.47 (s.d. 5 16.95) training sessions (range 5 1-188 sessions). The three groups were well matched in age (39.14 (11.91), 39.65 (11.83), 40.51 (11.79), respectively) and gender (female/ male 5 5.5:1, 5.6:1 and 4.3:1, respectively).
Numerically, experimental group 1 improved on four benchmarking tests and experimental group 2 improved on three benchmarking tests ( Fig. 1) , with standardized effect sizes varying from small (for example, 0.35 (99% confidence interval (CI), 0.29-0.41)) to very small (for example, 0.01 (99% CI, 20.05-0.07)). However, the control group also improved numerically on all four tests with similar effect sizes (Table 1) . When the three groups were compared directly, effect sizes across all four benchmarking tests were very small (for example, 0.01 (99% CI, 20.05-0.07) to 0.22 (99% CI, 0.15-0.28)) ( Table 2 ). In fact, for VSTM and PAL, the difference between benchmarking sessions was numerically greatest for the control group ( Fig. 1 , Table 1 and Table 2 ). These results suggest an equivalent and marginal test-retest practice effect in all groups across all four tasks ( Table 1 ). In contrast, the improvement on the tests that were actually trained was convincing across all tasks for both experimental groups. For example, for the tasks practised by experimental group 1, differences were observed with large effect sizes of between 0.73 (99% CI, 0.68-0.79) and 1.63 (99% CI, 1.57-1.7) ( Table 3 and Fig. 2 ). Using Cohen's 14 notion that 0.2 represents a small effect, 0.5 a medium effect and 0.8 a large effect, even the smallest of these improvements would be considered large. Similarly, for experimental group 2, large improvements were observed on all training tasks, with effect sizes of between 0.72 (99% CI, 0.67-0.78) and 0.97 (99% CI, 0.91-1.03) ( Table 3 and Fig. 2 ). Numerically, the control group also improved in their ability to answer obscure knowledge questions, although the effect size was small (0.33 (99% CI, 0.26-0.4)) ( Table 3 and Fig. 2 ). In all three groups, whether these improvements reflected the simple effects of task repetition (that is, practise), the adoption of new task strategies, or a combination of the two is unclear, but whatever the process effecting change, it did not generalize to the untrained benchmarking tests. The relationship between the number of training sessions and changes in benchmark performance was negligible in all groups for all tests (largest Spearman's r 5 0.059; Supplementary Fig. 1 ). The effect of age was also negligible (largest Spearman's r 5 20.073).
Only two tests showed a significant effect of gender (PAL in experimental group 1 and VSTM in experimental group 2), but the effect sizes were very small (0.09 (99% CI, 20.01-0.2) and 0.09 (99% CI, 20.03-0.2), respectively).
These results provide no evidence for any generalized improvements in cognitive function following brain training in a large sample of healthy adults. This was true for both the 'general cognitive training' group (experimental group 2) who practised tests of memory, attention, visuospatial processing and mathematics similar to many of those found in commercial brain trainers, and for a more focused training group (experimental group 1) who practised tests of reasoning, planning and problem solving. Indeed, both groups provided evidence that training-related improvements may not even generalize to other tasks that use similar cognitive functions. For example, three of the tests practised by experimental group 1 (reasoning 1, 2 and 3) specifically emphasized abstract reasoning abilities, yet numerically larger changes on the benchmarking test that also required abstract reasoning were observed in experimental group 2, who were not trained on any test that specifically emphasized reasoning. Similarly, of all the trained tasks, memory 2 (based on the classic parlour game in which players have to remember the locations of objects on cards) is most closely related to the PAL benchmarking task (in which participants also have to remember the locations of objects), yet numerically, PAL performance actually deteriorated in the experimental group that trained on the memory 2 task ( Fig. 1 ).
Could it be that no generalized effects of brain training were observed because the wrong types of cognitive task were used? This is unlikely because 12 different tests, covering a broad range of cognitive functions, were trained in this study. In addition, the six training tasks that emphasized abstract reasoning, planning and problem solving were included specifically because such tasks are known to correlate highly with measures of general fluid intelligence or 'g' [15] [16] [17] , and were therefore most likely to produce an improvement in the general level of cognitive functioning. Indeed, functional neuroimaging studies have revealed clear overlap in frontal and parietal regions between similar tests of reasoning and planning to those used here 15, [17] [18] [19] and tests that are specifically designed to measure g 15, 20 , whereas damage to the frontal lobe impairs performance on both types of task 10, 16, 21 .
Is it possible that the benchmarking tests were insensitive to the generalized effects of brain training? This is also unlikely because the benchmarking tests were chosen for their known sensitivity to small changes in cognitive function in disease or following low-dose neuropharmacological interventions in healthy volunteers. For example, the SWM task is sensitive to damage to the frontal cortex 10, 22 and impairments are observed in patients with Parkinson's disease 23 . On the other hand, low-dose methylphenidate improves performance on the same task in healthy volunteers 8, 9 . Similarly, the PAL task is highly sensitive to various neuropathological conditions, including Alzheimer's disease 11 , Parkinson's disease 13 and schizophrenia 24 , whereas the a2-agonists guanfacine and clonidine improve performance in healthy volunteers 25 . Could it be that improvements in the experimental groups were 'masked' by the direct comparison with the control group, who were, arguably, also exercising attention, planning and visuospatial processes? This seems unlikely because there was a clear difference between the substantial improvements in both experimental groups across all trained tasks and the very modest improvement observed in the control group on their obscure knowledge test, suggesting that the experimental groups did benefit more from their training programmes, albeit only on the tasks that were actually being trained. In any case, in all three groups the standardized effect sizes of the transfer effects were, at best, small ( Table 1 ), suggesting that any comparison (even with a control group who did nothing) would have yielded a negligible brain training effect in the experimental groups.
It is important to consider the possibility that the amount of practise was insufficient to produce a measurable transfer effect of brain training in this study. Given the known sensitivity of the benchmarking tests [8] [9] [10] [11] 13, [22] [23] [24] [25] [26] , it seems reasonable to expect that 25 training sessions would yield a measurable group effect if one was present. More directly however, there was a negligible correlation between the number of training sessions and improvement in benchmarking scores (despite a strong correlation with improvement on training tasks; Supplementary Fig. 2) , confirming that the amount of practise was unrelated to any generalized brain-training effect. That said, the possibility that an even more extensive training regime may have eventually produced an effect cannot be excluded.
To illustrate the size of the transfer effects observed in this study, consider the following representative example from the data. The increase in the number of digits that could be remembered following training on tests designed, at least in part, to improve memory (for example, in experimental group 2) was three-hundredths of a digit. Assuming a linear relationship between time spent training and improvement, it would take almost four years of training to remember one extra digit. Moreover, the control group improved by two-tenths of a digit, with no formal memory training at all.
In our view these results provide no evidence to support the widely held belief that the regular use of computerized brain trainers improves general cognitive functioning in healthy participants beyond those tasks that are actually being trained. Although we cannot exclude the possibility that more focused approaches, such as face-to-face cognitive training 2 , may be beneficial in some circumstances, we believe that these results confirm that six weeks of regular computerized brain training confers no greater benefit than simply answering general knowledge questions using the internet.
METHODS SUMMARY
Of 11,430 participants who met the inclusion criteria, 4,678 were randomly assigned to experimental group 1, 4,014 to experimental group 2 and 2,738 to the control group. Over six weeks, experimental group 1 completed an average of 28.39 (s.d. 5 19.86) training sessions, compared with 23.86 (15.66) in experimental group 2 and 18.66 (12.87) in the control group. All three groups were given the same four benchmarking tests (grammatical reasoning 6 , VSTM 7,12 , SWM 8-10 , PAL 11, 13 ), immediately after registering for the trial and again six weeks later, irrespective of how many training or control sessions they had chosen to complete in between. The benchmarking tests were adapted from publicly available cognitive assessment tools designed and validated at the Medical Research Council Cognition and Brain Sciences Unit (by A.H. and A.M.O) and made freely available at http://www.cambridgebrainsciences.com. During the six-week training period the first experimental group was trained on six reasoning, planning and problem-solving tasks, while the second experimental group was trained on six tests of memory, attention, visuospatial processing and mathematical calculations, similar to those commonly found in commercially available brain-training programs. In each 'training' session, the control group was asked five obscure knowledge questions from one of six general categories and were asked to place answers in correct chronological order using any available online resource. The main outcome measures were the difference scores (post-training minus pre-training) for the four benchmarking tests in the two experimental groups and the control group. Changes in performance on the tests that were actually trained were also calculated by comparing the scores from the first and last training sessions. Owing to the large number of participants in this study, the size of any observed differences between the groups was quantified by reporting effect sizes 14 together with estimates of the likely margin of error (99% confidence intervals). (12.87) in the control group. The latter result indicates, again, that the control group's task was less engaging than the specific training tasks given to the two experimental groups. In order that 'first' and 'last' scores for performance on the training sessions and the control task could be calculated without error, participants who did not complete at least two training or control sessions between the two benchmarking assessments were excluded from the analysis. Task design. All three groups were given the same four benchmarking tests twice, once after registering for the trial, but before being shown the training or control tasks, and again six weeks later, irrespective of how many training or control sessions they had chosen to complete in between (subject to the caveat above). The four tests were adapted from a battery of publicly available cognitive assessment tools designed and validated at the Medical Research Council Cognition and Brain Sciences Unit (by A.H. and A.M.O.) and made freely available at http:// www.cambridgebrainsciences.com. The first test (reasoning) was based on a grammatical reasoning test that has been shown to correlate with measures of general intelligence or g 6 . The participants had to determine, as quickly as possible, whether grammatical statements (for example, the circle is not smaller than the square) about a presented picture (a large square and a smaller circle) were correct or incorrect and to complete as many trials as possible within 90 s. The outcome measure was the total number of trials answered correctly in 90 s, minus the number answered incorrectly. The second test (verbal short-term memory (VSTM)) was a computerized version of the 'digit span' task, which has been widely used in the neuropsychological literature and in many commercially available brain-training devices to assess how many digits a participant can remember in sequence. The version used here was based on the 'ratchet-style' approach 27 in which each successful trial is followed by a new sequence that is one digit longer than the last and each unsuccessful trial is followed by a new sequence that is one digit shorter than the last. In this way, an accurate estimate of digit span can be made over a relatively short time period. The main outcome measure, average digit span, was the average number of digits in all successfully completed trials. Participants were allowed to make three errors in total before the test was terminated. Versions of the third task (spatial working memory (SWM)) have been widely used in the human and animal working memory literature to assess spatial working memory abilities [8] [9] [10] [11] 22, 28, 29 . The version used here 10 required participants to 'search through' a series of boxes presented on the screen to find a hidden 'star'. Once found, the next star was hidden and participants had to begin a new search, remembering that a star would never be hidden in the same box twice. Participants were allowed to make three errors in total before the test was terminated. The main outcome measure was the average number of boxes in the successfully completed trials. The final test (paired-associates learning (PAL)), was based on a task that has been widely used in the assessment of cognitive deterioration in Alzheimer's disease and related neurodegenerative conditions 11, 26 . A series of 'window shutters' opened up on the screen to reveal a picture of a different object in each window (for example, a hat or a ball). At the end of each sequence, the participants were shown a series of objects, one at a time, and had to select the correct window for each object. The version used here employed a 'ratchet-style' approach in which each completely successful trial was followed by a new trial involving one more window than the last and each unsuccessful trial was followed by a new trial involving one less window than the last. Participants were allowed to make three errors in total before the test was terminated. The main outcome measure was the average number of correct object-place associations ('paired associates') in the trials that were successfully completed. During the six-week training period the first experimental group was trained on six reasoning, planning and problem-solving tasks. In the first task (reasoning 1), the participants had to use weight relationships, implied by the position of two see-saws with objects at each end, to select the heaviest object from a choice of three presented below. In the second task (reasoning 2), the objective was to select the 'odd one out' from four shapes that varied in terms of colour, shape and solidity (filled/unfilled). In the third task (reasoning 3), the participants had to move crates from a pile, each move being made with reference to the effect that it would have on the overall pattern of crates and how the result would affect future moves. In the fourth task (planning 1), the objective was to draw a single continuous line around a grid, planning ahead such that current moves did not hinder later moves. In the fifth task (planning 2), the participants had to move objects around between three jars until their positions matched a 'goal' arrangement of objects in three reference jars. In the sixth task (planning 3), the objective was to slide numbered 'tiles' around on a grid to arrange them into the correct numerical order. In all three reasoning tasks and in planning 2, each training session consisted of two 'runs' of 90 s and the main outcome measure was the total number of correct trials across the two runs. For planning 1 and 3, the main outcome measure was the number of problems completed in 3 min.
During the six-week training period the second experimental group was trained on six tests of memory, attention, visuospatial processing and mathematical calculations. In the first task (maths), the participants had to complete simple math sums (for example, 17 2 9) as quickly as possible. In the second task (visuospatial), the objective was to find the missing piece from a jigsaw puzzle by selecting from six alternatives. In the third task (attention 1), symbols (for example, blue stars) would appear rapidly and the participants were required to click on each symbol as quickly as possible, but only if it matched one of the 'target' symbols presented at the top of the screen. In the fourth task (attention 2), the participants were shown a series of slowly moving, rotating, numbers. The objective was to select the numbers in order from the lowest to the highest. In the fifth task (memory 1), the participants were shown a sequence of items of baggage moving down a conveyer belt towards an airport X-ray machine. The number of bags going in did not equal the number of bags coming out. After a short period the conveyor belt stopped and the participant had to respond with how many bags were left in the X-ray machine. In the sixth task (memory 2), the participant was shown a set of cards and asked to remember the picture on each. The cards were then flipped over and the user had to identify pairs of cards with identical objects on them. For all of these tasks, except memory 1, each training session consisted of two 'runs' of 90 s each and the main outcome measure was the total number of correct trials across the two runs. For memory 1, the main outcome measure was the number of problems completed in 3 min.
In each session, the control group were asked five obscure knowledge questions (for example, what year did Henry VIII die?) from one of six general categories (population, history, duration, pop music, miscellaneous numbers and distance) and were asked to place answers in correct chronological order using any available online resource. Each session comprised three sets of five questions and 15 points were awarded for each answer in the correct chronological order. Data analysis. The main outcome measures were the difference scores (posttraining minus pre-training) for the four benchmarking tests in the two experimental groups and the control group in the 'intention to treat' population (that is, those who completed baseline and six-week benchmarking assessments). Comparisons were then made between each of the experimental groups and the control group and between the two experimental groups themselves ( Table 2 and Fig. 1 ). Changes on the training test performance were also calculated by comparing the scores from the first training session with the scores from the final training session.
With such large sample sizes, statistical significance is easily reached, even when actual effect sizes are miniscule, making any numerical differences between two groups very difficult to interpret (as an example, the greater change in VSTM performance in the control group relative to both of the experimental groups is statistically significant, yet is counter to any reasonable hypothesis about brain training and, therefore, has no clear theoretical interpretation). To overcome this problem, the size of any observed differences was quantified by reporting effect sizes together with estimates of the likely margin of error (99% confidence intervals) for all comparisons between groups. Effect sizes provide a measure of the 'meaningfulness' of an effect, with 0.2 being generally taken to represent a 'small' effect, 0.5 a 'medium' effect and 0.8 a 'large' effect 14 . Thus, effect size quantifies the size of the difference between two groups, and may therefore be said to be a true measure of the significance of the difference. 
